ABSTRACT D-amino acids have been detected in a variety of peptides synthesized by animal cells. These include opiate and antimicrobial peptides from amphibian skin, neuropeptides from snail ganglia, a hormone from crustaceans, and a constituent of a spider venom. cDNA cloning has shown that at those positions where a D-amino acid is found in the end-product, a normal codon for the corresponding L-amino acid is present. This implies that the D-residues are formed from L-amino acids by a posttranslational reaction. A prototype enzyme catalyzing such a reaction has recently been isolated from the venom of the funnel web spider.
Introduction
Proteins are synthesized on polysomes as simple chains of amino acids. These primary products are modified through numerous types of posttranslational reactions. Amino-and carboxy-termini may be blocked, and different moieties, large and small, can be added to side chains of amino acids. In fact, practically all the reactive groups in proteins can be chemically modified in vivo. In the course of these reactions, the properties of the primary products are changed in many ways. Solubility and stability may increase through the addition of carbohydrates; subcellular localization may be determined by the addition of apolar moieties; interactions with receptors, other proteins, or nucleic acids can 337 0066-4154/97/0701-0337$08.00 change; catalytic properties may be dependent on side chain modifications; and for the entire network of intracellular signalling, the reversible phosphorylation of serine, threonine, and tyrosine residues is of cardinal importance. Through these and many other types of posttranslational reactions, an enormous increase in biological diversity is achieved. In fact, life as we know it is unthinkable without protein modifications.
Recent evidence has revealed a new type of posttranslational reaction. This reaction is probably the most subtle and inconspicuous type of modification, one that cannot be detected by standard amino acid sequencing techniques, does not lead to a change in the molecular weight, and may in fact go unnoticed in many instances. This modification involves the conversion of certain amino acids in peptide linkage from the L-to the D-configuration. Peptides containing D-amino acids have been isolated from amphibian skin and from various invertebrates. The occurrence and function of these D-amino acids, and our current knowledge of their biosynthesis, are the subjects of this review.
A Brief History
It was noted more than 50 years ago that some bacterial peptides contain Damino acids. This was first demonstrated by Lipmann et al for the tyrocidines and gramicidines (1), and subsequently for a variety of other antibiotic peptides from bacteria. Lipmann returned to this topic in the late 1960s, studying the biosynthesis of gramicidin S and tyrocidine (2, 3) . These studies showed that both these peptides are assembled on multienzyme complexes in a stepwise fashion without the participation of messenger RNAs. The individual amino acids are first activated to the thioester form, the thiol being mostly supplied by pantotheine (4) . Biosynthetic studies have demonstrated that, in some cases, both isomers can serve as precursors for the D-amino acid in the final product. Racemization of the thioester of the L-amino acid has also been observed, for example in gramicidin biosynthesis. In addition, conversion of the L-to the D-enantiomer may also occur in peptide linkage (5) . Recent data show that in the biosynthesis of actinomycin D, the second residue of a dipeptidyl-thioester is converted from the L-to the D-isomer (6) .
A different class of complex peptide antibiotics from bacteria was first analyzed by Gross & Morell in the early 1970s (7) . Peptides in this class contain numerous unusual amino acids including lanthionine; hence the name lantibiotics. Several of these, such as nisin, subtilin, and epidermin, are derived from larger precursors assembled on ribosomes (8, 9 ). An amazing variety of enzymatic modifications of these precursor polypeptides yield the final products. In particular, some serine and threonine residues are converted to the corresponding dehydro-amino acids, and upon subsequent addition of thiol groups of cysteine residues present in the same sequence, the chirality of the alpha-carbon changes from the L-to the D-configuration (see 10 for a recent review). In addition, it has been demonstrated that the D-alanine residues in the lantibiotic lactocin S are derived from L-serine in the precursor, presumably through dehydration and subsequent hydrogenation of the resulting dehydroalanine (11) .
Frogs Tell a Tale
A relatively recent milestone in the history of peptides containing D-amino acids was the discovery of dermorphin in 1981. Numerous studies had previously shown that amphibian skin secretions contain a wide variety of biologically active peptides. Many of these are homologous or identical to mammalian hormones and/or neurotransmitters. In addition, many peptides with antimicrobial activity have been characterized from this source (see 12-15 for recent reviews).
After the isolation of enkephalins from mammalian brain, Erspamer and his colleagues initiated a search for related peptides in skin from various amphibia. This led to the isolation of dermorphin from the skin of the South American tree frog Phyllomedusa sauvagei, a peptide that binds with high affinity and selectivity to µ-type opiate receptors (16) . When injected into the brain, dermorphin is, on a molar basis, about a thousand times more potent than morphine in inducing deep long-lasting analgesia (17) . Interestingly, the second amino acid in the sequence of this heptapeptide is D-alanine; the isomer containing L-alanine in this position is virtually devoid of biological activity.
In the past 10 years, through a combination of cDNA cloning (discussed below), pharmacological tests, and peptide chemistry, several additional opiate peptides have been isolated from the skin of various frog species of the subfamily Phyllomedusinae (see Table 1 ). On the basis of their pharmacological activity, two types of opiate peptide can be distinguished. The first type includes dermorphin and two related peptides (18) that bind strongly to µ-receptors. A second group comprises the deltorphins, which are peptides that bind with high affinity and selectivity to delta-opiate receptors. These are Met-deltorphin (19) , also termed dermenkephalin (20) ; deltorphin A (21), which was originally predicted from the sequence of a cloned cDNA (22) ; the Ala-deltorphins (23); and Leu-deltorphin (24) . The opioid peptides from amphibian skin all have the amino-terminal sequence Tyr-Xaa-Phe, where Xaa is either D-alanine, D-methionine, or D-leucine. They seem to be present only in the skin of Phyllomedusinae, not in the skin of other frog species.
As already mentioned, frog-skin peptides are often related to mammalian hormones and neurotransmitters. In view of this fact, several groups have searched for dermorphins and deltorphins in mammalian tissues. Substances cross-reacting with antibodies against these opiate peptides have been detected in various parts of the brain, olfactory bulb, retina, and gastrointestinal tract (25, 26) . Moreover, evidence for the presence of small amounts of dermorphins in mammalian tissues has been obtained from radio and enzyme immunoassays (27) (28) (29) . However, all attempts to isolate mammalian dermorphins or deltorphins in quantities sufficient for chemical analysis have been unsuccessful. Thus, the question remains of whether these peptides occur in mammals.
In the course of the analysis of bombinins, which are a group of related antibacterial peptides from the skin of Bombina variegata (30) , new peptides with similar activities were discovered. Because these peptides are hydrophobic and also have hemolytic activity, they were termed bombinins H (31). Aminoacid analysis of these peptides revealed that some contain close to 1 mol of allo-isoleucine per mol of peptide. The second amino acid in the sequence was then shown to be D-allo-isoleucine. Small quantities of the isomers containing L-isoleucine were also detected in skin secretions of B. variegata.
. . . And So Do Snails and Some Other Creatures
For almost 10 years, the peptides from amphibian skin containing a D-amino acid appeared to be rather bizarre exceptions. In recent years, however, several peptides with this characteristic have been detected in diverse invertebrate species. The first examples were two neuropeptides isolated from the African snail Achatina fulica. Both function in the control of muscle contraction in these animals. One of these peptides, termed achatin I, is present in the ganglia and atrium of this snail; it has the sequence Gly-D-Phe-Ala-Asp (32, 33) . The isomer containing L-phenylalanine, which could also be isolated from these tissues, has no excitatory activity on the heart or other muscles of this snail. A second peptide isolated from snail ganglia is a potent stimulator of the contraction of the penis retractor muscle. This peptide, named fulicin, has the sequence Phe-D-Asn-Glu-Phe-amide (34) . Yet another peptide belonging to the FRF amide family, which stimulates muscle contraction in bivalves, has the amino-terminal structure Ala-D-Leu-Ala (35) .
In all the peptides mentioned above, the D-amino acid is present at the second position. However, this is not always the case. Two forms of hyperglycemic hormones that have the amino-terminal sequence pGlu-Val-(L-or D-) Phe have been isolated from different species of crustaceans (36, 37) . Studies of a toxin from the venom of the funnel web spider Agelenopsis aperta have revealed that two variants exist that block voltage-sensitive Ca-channels (38) . These peptides, termed omega-agatoxin IVC and IVB, contain 48 amino acids each and differ from each other only by the presence of L-or D-serine at position 46 (39) . Recent evidence also shows that one of the numerous peptides present in the venom of the fish-hunting snail Conus radiatus contains a D-tryptophane residue (39a).
Biosynthetic Studies
In eukaryotic cells, only a few small peptides that contain unusual amino acids or peptide bonds are synthesized enzymatically in a stepwise fashion. Examples are carnosine, which contains β-alanine, and glutathione, which has a gammacarboxy bond. It thus seemed likely that the heptapeptide dermorphin, which was the only peptide containing a D-amino acid known 10 years ago, would be derived from a larger precursor synthesized on ribosomes. Indeed, several cDNAs coding for dermorphin precursors were isolated from a library prepared from skin of P. sauvagei (22) . The polypeptides deduced from the sequence of the cloned cDNAs contained several copies of the dermorphin sequence as well as one copy of an unknown peptide that was later shown to be a potent deltaspecific agonist (19) (20) (21) . At those positions where D-alanine was present in the end-product, codons for L-alanine were present in the cDNAs. In addition, both the D-and the L-methionine present in Met-deltorphin were encoded by the sole methionine codon ATG. The finding that L-and D-isomers are encoded by the same codon was borne out in subsequent studies on the precursors of other peptides that contain a D-amino acid. Examples include the deltorphins from another Phyllomedusa species (18), bombinins H from B. variegata (30, 31) , fulicin from a snail (40), hyperglycemic hormones from crustaceans (41, 42) , and the spider-venom agatoxins (39) . In all instances, the D-amino acid is obviously derived from the corresponding L-amino acid in the precursor. This assumption was further supported by the fact that, in most cases, both isomers with the L-or the D-amino acid at the appropriate position have been isolated from their respective biological source (31-33, 36, 39) . Only for dermorphins and deltorphins was it not possible to detect the L-peptides in the extracts from Phyllomedusa skin. However, translation of a cDNA encoding one of the dermorphin precursors in mammalian cells yielded a polypeptide that did not contain D-alanine (43, 44) . All these results strongly suggest that in the course of the processing of the precursors of these peptides, the chirality of some amino acids is changed from the L-to the D-configuration.
What could be the mechanism of this unusual posttranslational reaction? Recent studies on the biosynthesis of agatoxin IVB have provided the first insights. Using a protein fraction isolated from the venom of the funnel web spider, a slow interconversion of agatoxins IVC and IVB, i.e. isomerization of serine-46, was observed (39) . This "peptide isomerase" was subsequently purified from spider venom, and its amino acid sequence was elucidated (45) . It is a 29-kDa glycoprotein consisting of a 243-residue heavy chain linked by a disulfide bridge to an 18-amino acid light chain. Interestingly, the amino acid sequence of this enzyme shows similarities to several serine proteases, such as kallikrein and thrombin. This similarity is most pronounced around the catalytic triad of the proteases.
This spider enzyme catalyzed a novel type of isomerization acting on an intact peptide rather than on free amino acids. Current evidence indicates that it does not require any cofactors; in particular, addition of pyridoxal phosphate did not influence the reaction (45) . However, the observed in vitro isomerizations were quite slow, and incubation times of several hours to several days were necessary to obtain significant yields of product. The L-D-isomerization proceeded in both directions; the one from L-to D-serine is slightly faster (45, 46) . The equilibrium of the reaction was found to be at a D/L ratio of about 1.8, which could be expected because the two substrates are diastereomers (46) . The substrate specificity of this peptide isomerase has also been investigated. Briefly, the enzyme isomerizes penta-or larger peptides with a central PheXaa-Leu sequence in which Xaa can be not only serine but also cysteine or alanine (46) .
Most likely, the peptide isomerization proceeds via a deprotonation-reprotonation mechanism at the alpha-carbon. Such a mechanism has been established for several amino acid racemases, such as the proline, aspartic acid, and glutamic acid racemases, and two active-site cysteines are involved in this reaction (47, 48) . However, the spider-venom enzyme apparently does not contain free SH groups (45) , and it is only partly inhibited by N-ethylmaleimide (46) . Based on kinetic and isotope exchange experiments, a two-base mechanism has been proposed for the peptide isomerase (46) , but the chemical nature of the groups involved in proton removal and addition is not known. Interestingly, the isomerization is blocked by the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF). In the case of proteases, the side chain oxygen of the active-site serine acts as a nucleophile to form a tetrahedral transition state with the carbonyl carbon of the scissile peptide bond. It is conceivable that in the peptide isomerase this oxygen acts as a strong base to facilitate the abstraction of the weakly acidic proton from the alpha-carbon. In addition, as in the case of mandelate racemase (49) , lysine and histidine residues may function as acid/base catalysts.
As mentioned above, isomerization of amino acids in peptide linkage has also been suggested for the biosynthesis of some peptide antibiotics (5) . As shown recently, in the biosynthesis of actinomycin D, an L-L-dipeptidyl thioester is partly converted to the L-D-isomer with concomitant loss of tritium label from the alpha-carbon of the second amino acid (6) . As in the case of the isomerization of the omega-agatoxin, this reaction required no added cofactor and apparently also proceeds via a carbanion intermediate. However, whether this is also true for the formation of D-amino acids in the peptides from amphibian skin is unknown. The evidence that D-alanine was already present in the precursor of dermorphin (50) indicates that the isomerization would be an early reaction in the processing cascade. Conversely, the formation of Ile-D-allo-Ile-Gly from Ile-Ile-Gly has been observed with a model peptide in the presence of partially purified enzyme fractions prepared from B. variegata skin secretions (C Mollay, C Hinterleitner, J Grassi, G Mignogna, D Barra & G Kreil, unpublished experiments). This suggests that peptide isomerization is a late reaction that occurs after cleavage of the bombinin precursors by prohormone convertases.
Why D-Amino Acids?
The posttranslational formation of D-amino acids obviously increases the diversity of products that can be synthesized from one gene. In addition, new structural elements can be assembled that cannot be built solely from L-amino acids. For example, X-ray crystal analysis has shown that the Gly-D-Phe-Ala sequence of achatin I forms a peculiar type II β-turn structure (51) . As mentioned above, this turn is apparently essential for biological activity because achatin II with L-Phe in position 2 was inactive (32, 33) . Evidence from nuclear magnetic resonance (NMR) studies suggests that the Tyr-D-Xaa-Phe sequence in the opiate peptides from amphibian skin also forms such a turn structure whereby the side chain of the D-amino acid is partly sandwiched between the two aromatic rings (52) . This structural element is crucial for the interaction of these peptides with opiate receptors. In fact, this binding is stronger and more selective than that of different endorphins that have the amino-terminal sequence Tyr-Gly-Gly-Phe.
For these opiate peptides, the L-isomer does not bind to the corresponding receptors, but more subtle differences in such interactions have been observed in other instances. For example, injection of the two forms of the hyperglycemic hormone into crayfish led to different responses (36) . With the L-Phe-hormone, the increase of hemolymph glucose levels in lobsters was more rapid-by approximately a factor of two-than it was with the D-Phe isomer. Also, the two forms show different inhibitory effects on the biosynthesis of ecdysteroid synthesis in organ culture (37) . In the case of omega-agatoxins IVB and IVC, the peptide with D-serine in position 46 is about four times more potent than the L-serine isomer is in its inhibitory action on P-type Ca channels in rat cerebellar Purkinje cells (39) . Finally, another difference is that the peptide bonds with the D-amino acid are more resistant to proteases. For example, the amino-terminal Tyr-D-Ala sequence of dermorphin is not hydrolyzed by aminopeptidases, whereas the corresponding L-peptide is rapidly degraded.
Concluding Remarks
Until now, peptides containing a D-amino acid have been isolated from amphibia and from several invertebrate species, such as snails, crayfish, and lobster. Whether we have already identified the major types of such peptides or whether there are many more is unknown. Although it seems likely that new peptides of this type will be discovered in invertebrates, the amphibian skin may well be a unique case among vertebrate tissues. The function of the highly active dermorphins and deltorphins in the skin secretions of Phyllomedusinae is enigmatic because it seems unlikely that high-affinity binding to mammalian opiate receptors plays a role in the defense of frogs against predators or microorganisms.
It is possible that D-amino acids are present in peptides isolated earlier from diverse sources, particularly in those cases in which these are not essential for biological activity. After all, the D-alanine in dermorphin was only discovered when it was found that the synthetic peptide with the same sequence of Lamino acids was biologically inactive (53) . Thus, during the isolation and characterization of new peptides, it is prudent to keep in mind the possibility that D-amino acids may be present.
As for the biosynthesis of these peptides, it is clear that an interesting new type of enzyme mechanism has been discovered. The results obtained with a peptide isomerase from spider venom have shown that this reaction is different from that catalyzed by the two groups of amino acid racemases described previously. Whether this is also true for the biosynthesis of other D-amino acids in the various peptides from different sources is not clear. Apart from the mechanism of this isomerization of an amino acid in peptide linkage, rather subtle substrate specificities must also exist in each individual case. The discovery of animal peptides containing a D-amino acid, and the studies of their biosynthesis, has opened a new chapter in biochemistry. It is obvious that at present we know only a small part of its contents.
